One key challenge for the development of fusion energy is plasma-facing materials. Tungsten-based materials are promising candidates for plasma-facing components (PFCs) in the magnetic confinement nuclear fusion reactors because of their high melt temperature, high-thermal conductivity, high-thermal load resistance, low tritium retention, and low sputtering yield. In fusion reactors, PFCs are exposed to high-thermal flux, because there are some transient events such as plasma disruptions, edge-localized modes, and vertical displacement events (VDEs). Especially, in VDEs, a heat flux of 10-100 MW m −2 with duration of milliseconds-to-several seconds can induce recrystallization and then change the microstructure of tungsten-based plasma-facing materials, leading to instability of microstructures. Then, a significant degradation of material properties is caused such as a reduction of mechanical strength and fracture toughness, a rise in the ductile-to-brittle-transition temperature well, and decrease of irradiation/high-thermal load resistance. Therefore, many efforts were devoted to improve the thermal stability of tungsten-based materials as high as possible, such as oxide dispersion strengthening, carbide dispersion strengthening, and K bubbles dispersion strengthening. Here, the thermal stabilities of various dispersion-strengthened tungsten materials are reviewed by evaluating their recrystallization temperature and the corresponding hardness evolutions. In addition, the possible development trends are proposed.
Introduction
Tungsten is a promising candidate for plasma-facing materials (PFMs) in future fusion reactors because of its excellent thermal diffusivity, low sputtering yield, high stability, and high hardness/strength, which all together can result in a long lifetime of plasma-facing components (PFCs) [1] [2] [3] [4] [5] . In spite of these advantages, the challenge of tungsten materials as PFMs is also noticeable, because PFMs are directly exposed to extreme conditions in the fusion plasma, such as high-energy neutron irradiation, high-thermal flux (0.1-20 MW m −2 ) [5] [6] [7] , sputtering erosion induced by high flux plasma with low energy, blistering, and exfoliation, transient events such as plasma disruptions, edge-localized modes (ELMs), and vertical displacement events (VDEs). During these transient events, it is expected that PFCs are exposed to high-thermal shocks. Especially, in VDEs, a heat flux of 10-100 MW m −2 with duration of milliseconds-to-several seconds is predicted [8] [9] [10] [11] [12] . The transient high energy acting on W materials leads to simultaneously high stress and high surface temperatures, destroying the original microstructure of tungsten materials by recrystallization and surface melting. The grain growth induced by recrystallizaiton can lead to the resegregation of impurities such as O, N, and P on the grain boundaries (GBs), decreasing the cohesion of GBs and inducing GB embrittlement. More importantly, recrystallization in W materials will result in producing new GBs with disordered orientations [13] . These unstable high-energy state random GBs are favorable sites for crack formation and thus easy to fracture as referred as recrystallization embrittlement which causes a significant degradation of properties such as the loss of mechanical strength, reduction of fracture toughness, rise of the ductile-tobrittle-transition temperature (DBTT), and weakness of irradiation/thermal load resistances [14] [15] [16] . Therefore, increasing the thermal stability is desirable for PFMs.
The thermal stability can be characterized by recrystallization temperature (RCT), at which the new grains begin to form and grow up after annealing. It is well known that dispersion strengthening is an effective method to improve the performance of tungsten, especially to raise RCT. The nanoparticles pin and hinder the migration of GBs and dislocations in tungsten, which enhance the strength and creep resistance as well as the thermal stability by raising RCT. In addition, the dispersion of nanoscale particles produces a great number of phase interfaces that could act as sinks for irradiation-induced point defects, and thus could improve the irradiation resistance. For examples, oxides (e.g., La 2 O 3 and Y 2 O 3 ) or carbides (e.g., TiC, ZrC, TaC, and HfC) or nanosized K bubbles were introduced into W matrix to form the oxide or carbide dispersionstrengthened (ODS or CDS) and K-doped W materials [6, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . And recently, a series of ODS-W or CDS-W materials with enhanced thermal stabilities were developed. For example, the strength, RCT, and thermal shock resistances of W-La 2 O 3 and W-Y 2 O 3 were enhanced compared with pure W [6, 17, 24, 27, 30] . The carbides such as SiC, TiC, ZrC, TaC, and HfC, having higher melting temperatures and better compatibility with tungsten, were used to develop CDS-W which may lead to excellent thermal stability [20-23, 25, 28, 31-33] . To give a comprehensive insight, in this paper, the thermal stabilities of these newly developed ODS-W, CDS-W, and K-doped W materials are reviewed.
Thermal stability of pure W, K-doped, and oxide dispersion-strengthened W alloys
Xie et al. [34] prepared pure W by spark plasma sintering (SPS) and investigated the recrystallization behaviour by annealing at different temperatures for 1 h. Figure 1 shows the metallographic images of SPSed and annealed W at different temperatures. It can be seen that the grain size of SPSed W is ~ 4.4 μm, and after annealing at 1100 °C for 1 h, the grain size grows up to 5.3 μm. In this sense, the RCT should be between 1000 and 1100 °C. To further investigate the recrystallization behaviour of tungsten for applications of engineering, Deng et al. [19] fabricated a pure W plate by pressure-less sintering in hydrogen and hot rolling, because rolling deformation can eliminate the pores, densify materials, and further improve the mechanical properties of W [21, 35] . The metallographic images of rolled pure W before and after annealing are presented in Fig. 2 [19] . When annealing below 1300 °C, the grain size keeps almost constant, but when annealing above 1300 °C, the grains grow significantly. This RCT is almost the same as that reported in Refs. [36, 37] , as shown in Fig. 3 . It is noticeable that the RCTs of hot-rolled pure W are raised to temperature between 1200 and 1300 °C, which is much higher than that of SPSed pure W. The possible reason is that the grain size of SPSed W is very small and only 4.5 μm, and at the same time, the density of SPSed W is only ~ 97%, due to its porosity in the matrix. That is to say, there are still favorable spaces for the growth of grains. For the hot-rolled ones, the relatively density is almost 100%, indicating that there is no direct growth space between grains. In addition, the cited pure W was rolled under a relatively high temperature (1500-1600 °C), resulting in a low density of dislocation defects because of the dynamic recrystallization during the hot-rolling process. Thus, the re-nucleation and grain growth of grains starting from dislocations were also limited. Therefore, the RCT of rolled W is higher than that of the SPSed one. As described above, the nanoparticles added into the W matrix can pin GB and increase thermal activation energy of the grain migration and, therefore, enhance RCT. Xie et al. [29] fabricated W-0.5 wt% Y 2 O 3 (WY05) and W-1.0 wt% Y 2 O 3 (WY10) using the same technology as SPSed pure W. The metallographic analysis shows spherical tungsten grains in SPSed WY05 and SPSed WY10 with an average diameter of 4.0 and 3.2 μm, respectively, as shown in Fig. 4 [29] . The addition of 1.0 wt% Y 2 O 3 could effectively prevent the growth of tungsten grains (4.1 μm in SPSed W), while it did not work with the addition of less than 0.5 wt% Y 2 O 3 , implying that a suitable amount of second-phase particles was important. Therefore, on the basis of SPSed results, WY10 was fabricated using hot-swaging deformation, because the deformation can further improve its mechanical properties [29, 33] . In the swaged WY10 sample, W grains are the round-bar shape with an average diameter and length of 4.6 and 26.7 μm, respectively, in swaged WY10, corresponding to an aspect ratio of 6:1. After annealing at 1300 °C for 1 h, Fig. 2 Optical micrographs of the a as-rolled pure W, b-h pure W annealed at 1000 °C, 1100 °C, 1200 °C, 1300 °C, 1400 °C, 1500 °C, and 1600 °C, respectively. Reproduced with permission from Ref. [19] . Copyright 2018 Elsevier Fig. 3 Changes of the grain structure in pure W by isochronous annealing for 1 h. Here, IPF is the inverse pole figure, and KPM is the kernel average misorientation, respectively. Reproduced with permission from Ref. [36] . Copyright 2018 Elsevier the grain shape and size almost did not change, as shown in Fig. 4 , indicating that swaged WY10 was thermostable with RCT higher than 1300 °C, which is higher than that of rolled pure W [19] . This is ascribed to the Y 2 O 3 nanoparticle-pinning GBs, which restricts the migration of GBs and enhances the activation energy of the migration of GBs [29] . On the basis of swaged WY10, the thermal stability of hot-rolled WY10 fabricated by the same technology as that of hot-rolled pure W was investigated. The optical micrographs of the as-rolled and annealed WY10 indicate that the grain size of the specimen annealing at 1200 °C keeps the same as that of the as-rolled one ( Fig. 5 ). However, after annealing at 1400 °C, the grain size increases obviously, implying that RCT of the rolled WY10 is between 1200 and 1400 °C (there is no data related to 1300 °C), which is similar to that of swaged WY10 [29] , but higher than that of rolled pure W [19] . The nanosized K bubbles also can act as a dispersion-strengthening phase such as oxide particles. Tsuchida et al. [36] reported that the K-doped W with the bubble size of ~ 23-30 nm had RCT of ~ 1300 °C ( Fig. 6  left) , which was almost the same as that of rolled and swaged WY10 [38] . However, K-doped W-3 wt% Re has a higher RCT of 1400 °C (Fig. 6, right) , which is 100 °C higher than those of W-K and WY10 [29, 36] . First, K bubbles and Y 2 O 3 nanoparticles pinned the dislocations/dislocation networks and inhibited the migration of GBs [39] , which leads to the higher RCT as compared with pure W. Furthermore, in K-doped W-Re alloy, solid solution Re atoms retard the nucleation of W grains and hinder the recrystallization by inhibiting the diffusion of W at high temperatures, resulting in a further increase of RCT [36] . [40] prepared the W-0.5 wt% TiC plate by sintering in hydrogen, followed by hot rolling (the technology was the same as that of the rolled WY10 plate). Optical metallographic micrographs show the elongated grains in the as-rolled W-0.5 wt% TiC (Fig. 7a ). After annealing at 1400 °C, the shape of grains keeps unchanged, as shown in Fig. 7b . After 1500 °C of annealing for 1 h, some grains become equiaxed, indicating the occurrence of recrystallization (Fig. 7c ). With the annealing temperature further increasing to 1600 °C, grains grow apparently because of the full recrystallization, exhibiting a 100% size increase in the rolling direction (RD, an average length of 52.6 μm) and ~ 520% increase in transverse direction (TD, an average width of 47.7 μm), as presented in Fig. 7d . Therefore, the RCT of rolled W-0.5 wt% TiC is about 1400 °C [40] , which is higher than those of WY10 and K-doped W. Liu et al. [41] prepared W-0.1%TiC using vacuum hot pressure and characterized the recrystallizaiton behaviour by investigating the evolutions of surface hardness and the grain size with annealing temperatures, and the RCT of W-0.1%TiC is ~ 1500 °C [41] . Xie et al. [23] developed ZrC nanoparticle dispersion-strengthened bulk W-0.5 wt% ZrC (WZC05) alloy by hot rolling. The thermal stability of this bulk WZC05 was investigated by isochronal experiments from 1000 to 1800 °C. The metallographic images of RD-normal direction (ND) planes of annealed specimens are presented in Fig. 8 [23] . Obviously, there are two different tungsten grains presented in the metallographic graphs: one is the fine elongated grain (Fig. 8a) with grey colour and another is the large equiaxed grain with bright appearance. Almost all grains keep the elongated form as the annealing temperature is below 1300 °C. With further increasing the annealing temperature to 1400 °C, a small fraction of equiaxed grains appear, and the aspect ratio of these elongated grains decreases significantly. Therefore, the RCT of the rolled WZC05 is between 1300 and 1400 °C. For the rolled W-0.5 wt% TaC [42] , the elongated grains have an average length of 41.7 µm along RD and a (Fig. 9a-c) . After 1500 °C of annealing for 1 h, some grains grow up and become equiaxed, implying the occurrence of recrystallization ( Fig. 9d ). Further increasing the annealing temperature to 1600 °C, most grains recrystallize with a 210% of size increase in RD (an average length of 132.6 μm) and ~ 820% of size increase along ND (an average width of 83.2 μm), as shown in Fig. 9e . The RCT of the rolled W-0.5 wt% TaC is regarded as 1450 °C.
The rolled W-0.5 wt% HfC prepared by the same technology as that of rolled W-ZrC/TiC has elongated grains with an average length of 144.6 μm along RD and a width of 20 μm along ND, respectively, corresponding to a length-width ratio of 7.2:1 (Fig. 10a) [43] . Almost all grains kept the elongated form and the initial size until the annealing temperature reaches up to 1300 °C (Fig. 10b ). When the temperature is up to 1400 °C, tungsten grains exhibit a slightly modified elongated form and the length-width ratio decreases to ~ 6.5:1 (Fig. 10c ). For the specimen annealed at 1500 °C, some grains grow up, forming near-equiaxed structures ( Fig. 10d ). More than one-half of near-equiaxed grains appear after annealing at 1600 °C for 1 h (Fig. 10e ). Especially, after annealing at 1800 °C, all the elongated tungsten grains are substituted by large equiaxed grains, as shown in Fig. 10f . Therefore, it could be concluded that RCT of the rolled W-0.5 wt% HfC is between 1400 and 1500 °C, and the full recrystallization temperature is ~ 1800 °C, which is 200 °C higher than that of rolled W-ZrC and W-TaC [17, 23] .
As mentioned above, the solid solution Re atoms can suppress the recrystallization of W. Yang et al. [44] prepared W-1.0 wt% Re-0.5 wt% ZrC alloy by SPS sintering, and investigated its thermal stability by annealing for 2 h from 1300 to 1900 °C. Before annealing, the average size of the tungsten grain is ~ 2.6 μm. After annealing at 1300 °C, 1500 °C, 1700 °C, 1800 °C, and 1900 °C for 2 h, the average grain size increases to 2.7, 2.8, 2.8, 3.6, and 4.5 μm, respectively. Figure 11a indicates that the grain sizes of W keep unchanged when the annealing temperature is below 1800 °C, while the grain size significantly increases during 1800 °C annealing. Therefore, the RCT of W-1.0 wt% Re-0.5 wt% ZrC (W-ZrC-Re) is ~ 1700 °C, which is much higher than that of W-0.5 wt% ZrC. It is obvious that the addition of trace Re could significantly improve the thermal stability of W. Guo et al. [45] found that appropriate He bubbles induced by irradiation can not only strengthen W, but also retard the recrystallization of W.
As the hardness is very closely related to the grain size of materials, RCTs of different oxide/carbide dispersion-strengthened tungsten materials were summarized, by analyzing the evolution of Vickers micro-hardness [44] . Copyright 2016 Elsevier with annealing temperatures (Fig. 12 ). It is clear that the RCT of rolled pure W is the lowest (~ 1200 °C), and the second phase can significantly increase RCT: (1) for K-doped W, the RCT is ~ 1300 °C, (2) for ZrC, TiC, TaC, and HfC-doped W, RCTs are almost the same (~ 1400 °C) within experiment errors. The synergistic effect of different strengthening phases is prominent. For example, W-K-TiC alloys have the RCT of 1400-1600 °C with the contents of TiC from 0.05 to 1 wt% [46] . For K-doped W-3 wt% Re alloy, the RCT increases from 1300 to 1400 °C [35] . Moreover, for ZrC-doped W-Re alloy, the RCT is as high as 1700 °C [44] . It can be concluded that there is no obvious influence of the category of the secondphase particles on thermal stabilities of tungsten-based materials. For example, although TiC, ZrC, TaC, and HfC have different melt temperatures, the corresponding CDS-W materials possess almost the same RCTs within experiment errors. It is worth pointing out that the RCT of W-K wires can be as high as 1900 °C despite deformed by large plastic deformation such as cold drawing [47] . The possible reasons for such a high RCT may be ascribed to the following two aspects: (1) the fibrous grains elongate along the axial direction to form the so called Van Gogh sky structures and develop a very pronounced < 110 > fiber texture [48] ; (2) individual well-shaped and spherical nano-K bubble rows formed during heating wires to higher temperatures could inhibit motion of most longitudinal grain boundaries and hinder triple junction motion, resulting in highly stable fiber structures [49] .
Conclusion and outlook
The thermal stability is very important for tungsten-based materials as PFCs, which determines the servicing performance at high temperatures. RCT, as a parameter to characterize the thermal stability of materials, is determined by the evolutions of grain sizes and Vickers hardness with annealing temperatures. This paper reviews the effects of different dispersion-strengthening phases on the RCT of W materials. The second-phase particles could pin the GB and hinder its migration, which significantly raise RCTs of W materials. For different kinds of particles such as oxides, K bubbles, and carbides, there is no obvious influence of the category of the second-phase particles on thermal stabilities of tungsten-based materials. On the other hand, RCT may depend on the original microstructure much. The particle size and the number density of strengthening particles could influence the RCT, because the higher the number density of finer particles is, the stronger the pinning ability is, which leads to a higher RCT. Therefore, for certain dispersion-strengthening W materials, refining-strengthening particles could further improve the RCT, because for the same content of the second-phase particles, the smaller the size is, the larger the number density is, resulting in stronger pinning effects on migration of grain boundaries. Meanwhile, the fabrication technology pronouncedly influences on the RCT by changing the microstructures. For example, the hot-rolled W has a higher RCT than that of SPSed W. Moreover, the different deformation degrees can produce different textures, for example, the different proportion of high angle grain boundary and low angle grain boundary, and distributions of the second-phase particles, which should have a significant effect on RCT. However, there are no specific data about the effect of deformation degrees on RCT. In this work, the hot-rolled W-ZrC/HfC/TaC/TiC plates have the same deformation degree: reduction of ~ 70%, but the deformation degrees of W-K and W-K-Re plates are unknown. Therefore, optimizing the technology can further improve the thermal stability of tungsten materials.
